The knowledge of the dynamic behavior of a process variable is essential for characterizing the process and defining the control logic configuration to be implemented in automated plants. This work aims to characterize the dynamic behavior of a cooling process of vegetable oil under different perturbation, starting from the same initial steady state conditions. The experimental unit is consists of two sectors: 1) modular heating and 2) cooling of the vegetable oil. In the second section there are three cooling modules: 2a) set of serial finned heat exchangers with forced-air; 2b) nebulization system and 2c) plate heat exchanger with chilled water as cold fluid. Both heat exchangers showed a good adjustment to a linear second-order function for each perturbation applied. The processes, however, showed low level nonlinear behavior. In regard to these nonlinearities, the process curves were adjusted to a nonlinear second-order function with parameters -proportional gain, perturbation intensity and time constant -varying with the manipulated variable. It was verified that the proposed model is suitable for the process in the considered operating range of the manipulated variable.
Introduction
The dynamic behavior of two or more process variables is fundamental to characterize a process, and it supports the development of control configurations, which are increasingly implemented in the industrial sector.
Due to high tariffs charged by electricity distribution companies and to high final quality requirements of products, the automatic control must be very well specified and tuned. Thus, the unit operations can occur more accurately, also resulting in a lower energy consumption to maintain the process variable at its set point.
Heat exchangers are among the most used equipment in chemical and process industries, and they represent a great share of the energy consumption in such industries. Therefore, it is desirable to present a suitable and well tuned control for these equipments, in order to optimize its operation and consumption [1] .
Although the steady-state properties of a heat exchanger are widely studied and can be easily obtained, the transient behavior and the dynamic properties are not included in classic mathematical models [2] .
The behavior bias of the process variables in heat exchangers under step perturbation of a manipulated variable is to track an S-shaped curve, as shown in [3] , as the reaction curve of a high temperature short time (HTST) pasteurization in plate heat exchanger was obtained, and in [4] , as the reaction curves of the cooling of a Newtonian fluid in a double pipe heat exchanger were studied. In the study of dynamic characteristics of a double-pipe heat exchanger, presented in [5] , the transient response of the system tracked an S-shaped curve after a dead-time component. In general, when linear behavior is verified, the process can be characterized by a first-order or first-order plus dead-time transfer function, or secondorder transfer function with damping ratio equals to one, from which result prediction can be made.
Most physical processes, however, present greater or lesser degree of nonlinear behavior, so that the linear model can be inappropriate, and may need adjustment to become suitable.
Studies concerning the real behavior of these complex systems have been carried out. In most of them sets of differential equations were obtained, which results in complex models, difficult to work with [6] . Therefore, simplifications are commonly made, but this can easily lead to unrealistic results, so that new ways to predict the dynamic behavior of heat exchangers turns to be necessary [7] .
In order to incorporate the nonlinearities to heat exchanger models, the use of parameter variation is suggested. [8] proposed a model for HTST pasteurization with a flow-dependent static gain, where each stage of the process was modeled independently as a first-order transfer function.
Accordingly, the aim of this work was to identify the dynamic behavior of the vegetable oil cooling process using water as secondary cooling fluid, and, where appropriate, develop nonlinear reaction functions.
Material and Methods
The experimental unit was assembled at the Interdisciplinary Center of Energy Planning and at the Faculty of Food Engineering, both at University of Campinas. The unit consists of two sectors: heating (Sector 01) and cooling (Sector 02), as shown in Figure 1 . The description of the assemble is: E-101, plate heat exchanger oil/chilled water; E-102, plate heat exchanger oil/steam; E-201 to E-204, serial finned heat exchangers with forced-air (air/chilled water); E-205, plate heat exchanger (chilled water/cooled water); P-101 e P-102, oil hydraulic pumps; P-201, chilled water hydraulic pump; P-202, cooled water hydraulic pump; P-203, nebulization system hydraulic pump.
Sector 01 executes the modular heating of the vegetable oil. The oil started in a 2 m³ stainless steel reservoir, and was then pumped, by parallel pumps P-101 and P-102, with 100% flow rate, to plate heat exchanger E-102, where it was heated by a variable demand thermal source with counter flow indirect contact. The thermal source consisted in saturated steam under 5.5 kgf/cm² pressure, produced in a diesel boiler. After that, the heated vegetable oil went back to the reservoir and was finally pumped to plate heat exchanger E-101, where it was cooled by indirect contact with counter flow cooled water, from sector 02. The connection between the two sectors was made by hoses.
Sector 02 consists of cooling refrigeration systems where water is cooled in order to operate as cold fluid in the vegetable oil cooling. This water was initially cooled by forced convection with ambient air at serial finned heat exchangers E-201 to E-204, and passed afterwards by plate heat exchanger E-205, where it was cooled by counter flow indirect contact with chilled water from the chiller refrigeration system. In both circuits, cooled and chilled water were pumped by hydraulic pumps P-201 and P-202, respectively. In order to enhance efficiency and cooling power, a nebulization system (spray nozzles, positive pump P-203, solenoid and relief valves and water reservoir) was installed at the finned heat exchangers set (E-201 to E-204) and at the chiller condenser, to perform a evaporative cooling of the ambient air.
In general, sectors 01 and 02 employed temperature transmitters; pressure transmitters; electromagnetic flow meters for the water pipes; ultrasonic flow meters for the vegetable oil pipes; frequency drives, which also transmit the electric power of engines from the fans, heat exchangers E-201 to E-204 and hydraulic pumps P-201 and P-202; flow switches and relative humidity and temperature transmitters. Also a CompactLogix PLC, with OPC Ethernet communication to FactoryTalk View Studio 8.0 (FTView SE) supervisory-level HMI and to the frequency drives, was employed.
This work focuses on water cooling in the finned heat exchangers set (E-201 to E-204), and on the vegetable oil cooling in the plate heat exchanger E-101. Hence, their dynamic behavior was analyzed by the experiments showed in Tables 1 and 2 . All experiments were performed with distinct perturbations applied in the same steady state conditions. Perturbations in both cooled water and air flow rates were applied starting from 100% of their respective engine rotation speeds, resulting in negative steps. Cooled water flow rate steps always started from 27886 kg/h (100%) and air flow rate steps in the eight fans at the finned heat exchangers set always started from 35,5 m³/s (100%). Experiments 1 to 3 evaluated cooled vegetable oil temperature behavior at heat exchanger-101 after perturbations in cooled water flow rate, using 100% air flow rate at the finned heat exchangers set (35,5 m³/s). Experiments 4 to 6 evaluated cooled water temperature at the finned heat exchangers set outlet (E-201 to E-204) after perturbations in total air flow rate, using cooled water flow rate in 100% (27886 kg/h). Experiments 7 to 9 also evaluated cooled water temperature behavior at the finned heat exchangers set outlet, but perturbations were undertaken in cooled water flow rate, using 100% air flow rate at the finned heat exchangers set (35,5 m³/s). Table 3 shows the inlet temperature operating conditions on each heat exchanger. The transfer function and its time-domain correspondent adjustment, considering a second-order linear system with damping ratio equals to one (equations 1 and 2, respectively, [9] ), were made by the GRG nonlinear solving method, without constraints, with the sum of square errors as objective function, using Microsoft Excel Solver utility. The initial parameter values considered were: KA (static gain multiplied by perturbation intensity) and τ (time constant) were attributed values 1 and 1 respectively.
Once verified the nonlinearity of the processes by the reaction curves lack of overlap and by parameters variance for each experiment, all the KA and τ values were adjusted to curves, regarding the performed perturbations, for each set of experiments.
From the adjusted equations, a second-order nonlinear transfer function with damping ratio equals to one was proposed. Starting from the linear transfer function, the constant coefficients KA and τ were replaced by the equations, so that an adaptive second-order model was produced. Thus, new values of relative temperature were calculated and compared with the experimental results.
Results and Discussion
The analysis of heat exchanger E-101 consisted on evaluation of the process reaction dynamic, observing the cooled oil outlet temperature behavior after distinct negative perturbations, considering the nominal maximum flow rate of 27886 kg/h as reference (Figure 2 ). At the finned heat exchangers set with forced-air (E-201 to E-204), the process reaction dynamic was evaluated as to the cooled water outlet temperature behavior. This analysis was made after distinct negative perturbations on air flow rate in the eight fans, keeping the cooled water flow rate constant at 27886 kg/h ( Figure  3 .a), and after distinct negative perturbations on cooled water flow rate, keeping the air flow rate constant at 35,5 m³/s (Figure 3.b) .
The curves were adjusted to the time-domain model correspondent to a linear second-order transfer function with damping ratio equals to one. The model KA and τ constants are shown in Table 4 . It is observed that the constants obtained for the same heat exchanger vary from one another, thus the systems cannot be considered as linear. Therefore, the parameter values for each heat exchanger with their perturbations were adjusted to suitable curves, as shown in Table 5 . Table 5  Equations Considering the models with manipulated variable dependent parameters, new relative temperature behavior curves were plotted. The comparison between the experimental results and the ones given by the model is shown in Figures 4, 5 and 6 , and their correlation coefficients can be seen in Table 6 . The curves given by the adaptive model had a good adjustment to both the original model and the experimental data, as evinced by correlation coefficients next to 1 and by visual analysis of the curves.
It is observed that the best fitting occurred at the beginning of the curve, which corresponds to the process under transient state. Taking into account that perturbations follow the line demands, causing the process not necessarily achieve steady state, the proposed adaptive model suits the process needs.
Also time constants (τ) for each considered process variable, concerning the respective perturbations, tended to rise with the increase of perturbation magnitudes. It occurred because the higher the perturbation, the longer it takes for the system to reach the new steady-state condition.
From the variable parameter functions produced, it is possible to obtain the adaptive second-order transfer functions with damping ratio equals to one which represent the evaluated system. Thus, after a nonlinearity level analysis, it is possible to establish an adaptive control strategy on which the tuning of controllers depends on the equations for KA and τ, providing a better controlled process than one in which system nonlinearities are not taken into account.
Conclusion
This work evinced that temperature behavior at both evaluated heat exchangers fitted second-order reaction curves with damping ratio equals to one, with low level nonlinearities, when analyzed under distinct perturbations applied in the same steady state condition.
It was possible to adjust an adaptive model, based on the linear second-order model, but with parameters varying linearly or quadratically, as function of the applied perturbations. The model can be considered well adjusted and suitable for the process in the studied operating range of the manipulated variable.
